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AUTOMATED MEASUREMENT BASED ON
DEEP LEARNING

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims the benefit of U.S. provi-
sional application No. 62/533,266, filed Jul. 17, 2017, the
entire contents of which are herein incorporated by refer-
ence.

TECHNICAL FIELD

The present disclosure generally relates to digital medical
image data processing, and more particularly to automated
measurement based on deep learming.

BACKGROUND

The field of medical imaging has seen significant
advances since the time X-Rays were first used to determine
anatomical abnormalities. Medical imaging hardware has
progressed from modern machines, such as Magnetic Reso-
nance (MR) itmaging scanners, Computed Tomographic
(CT) scanners and Positron Emission Tomographic (PET)
scanners, to multimodality imaging systems such as PET-CT
and PET-MRI systems. Because of large amount of image
data generated by such modern medical scanners, there has
been and remains a need for developing 1image processing
techniques that can automate some or all of the processes to
determine the presence of anatomical abnormalities 1n
scanned medical 1mages.

Digital medical images are constructed using raw 1mage
data obtained from a scanner, for example, a computerized
axial tomography (CAT) scanner, magnetic resonance imag-
ing (MRI), etc. Digital medical images are typically either a
two-dimensional (“2D”") image made of pixel elements, a
three-dimensional (*3D”) image made of volume elements
(“voxels™) or a four-dimensional (“4DD”) image made of
dynamic elements (“doxels™). Such 2D, 3D or 4D 1mages
are processed using medical image recognition techniques to
determine the presence ol anatomical abnormalities or
pathologies, such as cysts, tumors, polyps, aneurysms, eftc.
Given the amount of 1image data generated by any given
image scan, 1t 1s preferable that an automatic technique
should point out anatomical features 1n the selected regions
of an 1mage to a doctor for further diagnosis of any disease
or condition.

Automatic 1mage processing and recognition of structures
within a medical 1image are generally referred to as Com-
puter-Aided Detection (CAD). A CAD system can process
medical images, localize and segment structure of interests,
including possible abnormalities (or candidates), for further
review. Recognizing structures of interest within digitized
medical 1images presents multiple challenges. For example,
a first concern relates to the accuracy of recognition of
structures ol interest within an 1mage. A second area of
concern 1s the speed of recognition. Because medical images
are an aid for a doctor to diagnose a disease or condition, the
speed with which an 1image can be processed and structures
within that 1image recognized can be of the utmost 1mpor-
tance to the doctor in order to reach an early diagnosis.

CAD may be used to facilitate diagnosis of aortic aneu-
rysms and guide therapeutic decisions. Aortic aneurysm 1s
one of the top fifteen causes of death. An aortic aneurysm 1s
an abnormal bulge within the wall of the aorta. The aorta 1s
the largest artery 1n the body that carries blood from the heart
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2

to the body. Aortic aneurysms may occur anywhere in the
aorta. An abdominal aortic aneurysm occurs along a portion
of the aorta that passes through the abdomen, while a
thoracic aortic aneurysm occurs along a portion of the aorta
that passes through the chest cavity. Having an aortic
aneurysm increases the risk of developing an aortic dissec-

tion or rupture, which can be fatal. Early and accurate
diagnosis 1s key to reducing risk of death.

SUMMARY

Described herein 1s a framework for automated measure-
ment. In accordance with one aspect, the framework detects
a centerline point of a structure of interest 1n an 1mage. A
centerline of the structure of interest may be traced based on
the detected centerline point. A trained segmentation learn-
ing structure may be used to generate one or more contours
of the structure of interest along the centerline. One or more
measurements may then be extracted from the one or more
contours.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the present disclosure
and many of the attendant aspects therecof will be readily
obtained as the same becomes better understood by refer-
ence to the following detailed description when considered
in connection with the accompanying drawings.

FIG. 1 1s a block diagram illustrating an exemplary
system;

FIG. 2 shows an exemplary method of automated mea-
surement by a computer system;

FIG. 3a shows an exemplary schematic diagram and a
corresponding 1mage of an aorta;

FIG. 3b shows another exemplary schematic diagram and
a corresponding image of an aorta;

FIG. 3¢ shows yet another exemplary schematic diagram
and a corresponding image of the aorta;

FIG. 4 1llustrates an exemplary architecture of a convo-
lutional neural network (CNN);

FIG. 5 shows exemplary images with extracted aorta
contours;

FIG. 6 shows an exemplary image ol an aorta and its
corresponding schematic diagram;

FIG. 7 shows an exemplary measurement panel; and

FIG. 8 shows an exemplary image visualization panel.

DETAILED DESCRIPTION

In the following description, numerous specific details are
set forth such as examples of specific components, devices,
methods, etc., 1n order to provide a thorough understanding
of implementations of the present framework. It will be
apparent, however, to one skilled 1n the art that these specific
details need not be employed to practice implementations of
the present framework. In other instances, well-known mate-
rials or methods have not been described 1n detail 1n order
to avoid unnecessarily obscuring implementations of the
present framework. While the present framework 1s suscep-
tible to various modifications and alternative forms, specific
embodiments thereol are shown by way of example 1n the
drawings and will herein be described 1n detail. It should be
understood, however, that there 1s no intent to limit the
invention to the particular forms disclosed; on the contrary,
the intention 1s to cover all modifications, equivalents, and
alternatives falling within the spirit and scope of the inven-
tion. Furthermore, for ease of understanding, certain method
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steps are delineated as separate steps; however, these sepa-
rately delineated steps should not be construed as necessar-
i1ly order dependent 1n their performance.

The term “x-ray image” as used herein may mean a visible
x-ray image (e.g., displayed on a video screen) or a digital
representation of an x-ray 1image (e.g., a file corresponding
to the pixel output of an x-ray detector). The term “in-
treatment x-ray image” as used herein may refer to images
captured at any point in time during a treatment delivery
phase of an interventional or therapeutic procedure, which
may include times when the radiation source 1s either on or
ofl. From time to time, for convenience of description, CT
imaging data (e.g., cone-beam CT 1maging data) may be
used herein as an exemplary 1maging modality. It will be
appreciated, however, that data from any type of 1maging
modality including but not limited to high-resolution com-
puted tomography (HRCT), x-ray radiographs, MRI, PET
(positron emission tomography), PET-CT, SPECT, SPECT-
CT, MR-PET, 3D ultrasound images or the like may also be
used 1n various 1implementations.

Unless stated otherwise as apparent from the following

discussion, it will be appreciated that terms such as “seg-

menting,” “generating,” “registering,” “determining,”
“aligning,” “positioning,” “processing,” “computing,”
“selecting,” “estimating,” “detecting,” “tracking” or the like

may refer to the actions and processes of a computer system,
or similar electronic computing device, that manipulates and
transforms data represented as physical (e.g., electronic)
quantities within the computer system’s registers and memo-
ries nto other data similarly represented as physical quan-
tities within the computer system memories or registers or
other such information storage, transmission or display
devices. Embodiments of the methods described herein may
be implemented using computer software. If written in a
programming language conforming to a recognized stan-
dard, sequences of instructions designed to implement the
methods can be compiled for execution on a variety of
hardware platforms and for interface to a variety of operat-
ing systems. In addition, implementations of the present
framework are not described with reference to any particular
programming language. It will be appreciated that a variety
of programming languages may be used.

As used herein, the term “image” refers to multi-dimen-
sional data composed of discrete image eclements (e.g.,
pixels for 2D images and voxels for 3D 1images). The image
may be, for example, a medical image of a subject collected
by computer tomography, magnetic resonance imaging,
ultrasound, or any other medical imaging system known to
one of skill in the art. The 1mage may also be provided from
non-medical contexts, such as, for example, remote sensing,
systems, electron microscopy, etc. Although an 1image can be
thought of as a function from R> to R, or a mapping to R°,
the present methods are not limited to such 1images, and can
be applied to 1mages of any dimension, e.g., a 2D picture or
a 3D volume. For a 2- or 3-dimensional image, the domain
of the image 1s typically a 2- or 3-dimensional rectangular
array, wherein each pixel or voxel can be addressed with
reference to a set of 2 or 3 mutually orthogonal axes. The
terms “digital” and “digitized” as used herein will refer to
images or volumes, as approprate, i a digital or digitized
format acquired via a digital acquisition system or via
conversion from an analog image.

The terms “pixels” for picture elements, conventionally
used with respect to 2D mmaging and image display, and
“voxels” for volume image elements, often used with
respect to 3D 1maging, can be used interchangeably. It
should be noted that the 3D volume 1mage 1s 1tself synthe-
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4

sized from i1mage data obtained as pixels on a 2D sensor
array and displayed as a 2D image from some angle of view.
Thus, 2D 1mage processing and 1mage analysis techniques
can be applied to the 3D volume 1mage data. In the descrip-
tion that follows, techniques described as operating upon
pixels may alternately be described as operating upon the 3D
voxel data that 1s stored and represented 1n the form of 2D
pixel data for display. In the same way, techniques that
operate upon voxel data can also be described as operating
upon pixels. In the following description, the variable x 1s
used to indicate a subject image element at a particular
spatial location or, alternately considered, a subject pixel.
The terms “subject pixel” or “subject voxel” are used to
indicate a particular 1mage element as 1t 1s operated upon
using techniques described herein.

The present framework provides a system and method for
automated measurement of a structure of interest. More
particularly, measurements may be extracted along the cen-
terline (or length) of the structure of interest using deep
learning techniques. In some 1mplementations, measure-
ments are extracted along the centerline of an aorta. Typi-
cally, aorta measurements are extracted at nine clinically
standard points along the length of the aorta: (1) aortic
sinuses ol Valsalva; (2) sinoanatomical junction; (3) mad
ascending aorta (midpoint 1n length between Nos. 2 and 4);
(4) proximal aortic arch (aorta at the origin of the innominate
artery); (5) mid aortic arch (between left common carotid
and subclavian arteries); (6) proximal descending thoracic
aorta (begins at the isthmus, approximately 2 c¢cm distal to
left subclavian artery); (7) mid descending aorta (midpoint
in length between Nos. 6 and 8); (8) aorta at diaphragm (2
cm above the celiac axis origin); and (9) abdominal aorta at
the celiac axis origin. These nine clinically standard points
are determined by the American College of Cardiology and
American Heart Association (ACC-AHA). The present
framework enables aorta measurements not only at these
nine standard points, but at any or all points continuously
along the length of the aorta. This advantageously mimimizes
the risk of missing important measurements between these
nine standard points.

These measurements may be compared to measurements
obtained from a population of subjects. Using a population
ol such measurements extracted oflline from many popula-
tions of patients, relevant information about the state of the
structure of interest may be studied. For instance, measure-
ments that are outside the statistical bands of population
measurements may be detected and further studied for
possible presence ol abnormalities or complications that
may arise due to such abnormalities. These and other
exemplary features and advantages will be described 1n
more detail herein.

FIG. 1 1s a block diagram illustrating an exemplary
system 100. The system 100 includes a computer system 101
for implementing the framework as described herein. In
some 1mplementations, computer system 101 operates as a
standalone device. In other implementations, computer sys-
tem 101 may be connected (e.g., using a network) to other
machines, such as imaging device 102 and workstation 103.
In a networked deployment, computer system 101 may
operate 1n the capacity of a server (e.g., thin-client server),
a cloud computing platform, a client user machine 1n server-
client user network environment, or as a peer machine 1n a
peer-to-peer (or distributed) network environment.

In some 1mplementations, computer system 101 com-
prises a processor or central processing unit (CPU) 104
coupled to one or more non-transitory computer-readable
media 105 (e.g., computer storage or memory), display
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device 110 (e.g., monitor) and various iput devices 111
(e.g., mouse or keyboard) via an input-output interface 121.
Computer system 101 may further include support circuits
such as a cache, a power supply, clock circuits and a
communications bus. Various other peripheral devices, such
as additional data storage devices and printing devices, may
also be connected to the computer system 101.

The present technology may be implemented in various
forms of hardware, software, firmware, special purpose
processors, or a combination thereof, either as part of the
microinstruction code or as part of an application program or
software product, or a combination thereof, which 1s
executed via the operating system. In some i1mplementa-
tions, the techniques described herein are implemented as
computer-readable program code tangibly embodied 1n non-
transitory computer-readable media 105. In particular, the
present techniques may be implemented by landmark detec-
tion engine 106, steering engine 107, deep learning module
108, measurement unit 109 and database 119.

Non-transitory computer-readable media 105 may include
random access memory (RAM), read-only memory (ROM),
magnetic tloppy disk, flash memory, and other types of
memories, or a combination thereof. The computer-readable
program code 1s executed by CPU 104 to process medical
data retrieved from, for example, database 119. As such, the
computer system 101 1s a general-purpose computer system
that becomes a specific purpose computer system when
executing the computer-readable program code. The com-
puter-readable program code 1s not intended to be limited to
any particular programming language and implementation
thereot. It will be appreciated that a variety of programming,
languages and coding thereof may be used to implement the
teachings of the disclosure contained herein.

The same or different computer-readable media 105 may
be used for storing a database (or dataset) 119. Such data
may also be stored 1n external storage or other memories.
The external storage may be implemented using a database
management system (DBMS) managed by the CPU 104 and
residing on a memory, such as a hard disk, RAM, or
removable media. The external storage may be implemented
on one or more additional computer systems. For example,
the external storage may include a data warehouse system
residing on a separate computer system, a cloud platform or
system, a picture archiving and communication system
(PACS), or any other hospital, medical 1nstitution, medical
oflice, testing facility, pharmacy or other medical patient
record storage system.

Imaging device 102 acquires medical images 120 asso-
ciated with at least one patient. Such medical images 120
may be processed and stored in database 119. Imaging
device 102 may be a radiology scanner (e.g., MR scanner)
and/or appropriate peripherals (e.g., keyboard and display
device) for acquiring, collecting and/or storing such medical
images 120.

The workstation 103 may include a computer and appro-
priate peripherals, such as a keyboard and display device,
and can be operated 1n conjunction with the entire system
100. For example, the workstation 103 may communicate
directly or indirectly with the imaging device 102 so that the
medical image data acquired by the imaging device 102 can
be rendered at the workstation 103 and viewed on a display
device. The workstation 103 may also provide other types of
medical data 122 of a given patient. The workstation 103
may include a graphical user interface to receive user input
via an input device (e.g., keyboard, mouse, touch screen
voice or video recognition interface, etc.) to input medical

data 122.
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It 1s to be further understood that, because some of the
constituent system components and method steps depicted
in the accompanying figures can be implemented 1n sofit-
ware, the actual connections between the systems compo-
nents (or the process steps) may difler depending upon the
manner 1 which the present framework 1s programmed.
(Given the teachings provided herein, one of ordinary skill 1n
the related art will be able to contemplate these and similar
implementations or configurations of the present framework.

FIG. 2 shows an exemplary method 200 of automated
measurement by a computer system. It should be understood
that the steps of the method 200 may be performed 1n the
order shown or a different order. Additional, different, or
fewer steps may also be provided. Further, the method 200
may be mmplemented with the system 101 of FIG. 1, a
different system, or a combination thereof.

At 202, landmark detection engine 106 receives an image
of a structure of interest from a current patient. The structure
ol interest may be a vessel or generally tubular structure,
such as an aorta, other vascular structure, bronchial airrway
or vertebra. It should be appreciated, however, that the
present framework may also be applied to other anatomical
structures. The 1mage may be a three-dimensional (3D)
image volume. The i1mage may be retrieved from, for
example, database 119 and/or acquired by imaging device
102 from a patient. The 1mage may be acquired by using
techniques such as high-resolution computed tomography
(HRCT), magnetic resonance (MR) 1maging, computed
tomography (CT), helical CT, X-ray, angiography, positron
emission tomography (PET), fluoroscopy, ultrasound, single
photon emission computed tomography (SPECT), or a com-
bination thereof.

At 204, landmark detection engine 106 detects a center-
line point of the structure of interest in the image. The
centerline point lies along the centerline of the structure of
interest. FIG. 3a shows an exemplary schematic diagram
301a and a corresponding image 3015 of an aorta. The
centerline point 302q-b6 may be detected by the landmark
detection engine 106. In some implementations, the land-
mark detection engine 106 implements a landmark detection
algorithm to detect the centerline point. The centerline point
302a-b6 may be an anatomically significant point, such as the
aortic root or the 1liac bifurcation.

Returning to FIG. 2, at 206, steering engine 107 traces the
centerline of the structure of interest in the 1mage based on
the detected centerline point. The centerline may be repre-
sented by the set of locations detected by the steering engine
107. The detected centerline point may be used as a starting
seed point for tracing the centerline. The steering engine 107
may include, for example, a regression forest-based orien-
tation detector that has been trained to trace the centerline.
Other types of trained detectors are also useful.

FIG. 3b shows an exemplary schematic diagram 311a and
a corresponding CT mmage 3115 of an aorta. The steering
engine 107 first detects the direction 312a of the aorta
centerline at a current point 3024, and then steps to the next
point along the detected direction 3124a. The centerline point
detected by the landmark detection engine 106 may serve as
the first current point. The process may be repeated at the
next point until the end of the aorta or field-of-view of the
image scan 1s reached. By tracing the aorta centerline 1n a
data-driven way, the present framework advantageously
achieves robustness even with variations 1n (a) appearance
of the aorta due to different 1image scanners, pathologies or
presence ol non-tissue structures; and (b) shape of the aorta.

Returning to FIG. 2, at 208, deep learning module 108
generates one or more contours of the structure of interest
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along the centerline. Each contour defines the cross-sec-
tional area of the structure of interest at a particular point
along the centerline. FIG. 3¢ shows an exemplary schematic
diagram 321a of an aorta and a corresponding 1image 3215
of the aorta. The CT image 3215 1s a cross-sectional oblique
image of the aorta extracted from the volumetric image of

the aorta. The plane of the CT image 3215 1s oblique to the
orientation (or centerline) of the aorta. The CT image 3215
may be located at a predefined point along the centerline.
The contour 322a-b of the cross-section of the aorta may be
extracted by providing the oblique 1mage 3215 to a trained
segmentation learning structure implemented by deep learn-
ing module 108. In some implementations, the trained
segmentation learming structure 1s an unsupervised learning
structure. The trained segmentation learning structure may
be a deep learning architecture that includes stacked layers
of learning nodes. The learning structure may be represented
by, for example, a convolutional neural network (CNN)
classifier. CNN 1s a class of deep, feed-forward artificial
neural network that uses a variation of multilayer percep-
trons designed to require minimal preprocessing. Other
types of classifiers, such as random forests, may also be
used.

FIG. 4 illustrates an exemplary architecture of a convo-
lutional neural network (CNN) 400. The white boxes rep-
resent copied feature maps while the arrows denote different
operations. The x-y size of each feature map i1s indicated
below each box. A set of training images 402 1s provided to
the CNN 400. The training images 402 may include two-
dimensional oblique images extracted from volumetric
image data of the aorta from different patients. The training
images 402 may include, for example, thousands of square
image patches (e.g., 128 pixelsx128 pixels) extracted from
volumetric images along the lengths of diflerent aortas from
different patients. The training images 402 may be pre-
processed to create more variations (e.g., small translation
and rotation with 15 mm and 10° perturbations).

CNN 400 includes a contracting path (left side) and an
expansive path (right side). The contracting path includes
repeated application of three 5x5 convolutions (Conv) 404a-
c, each followed by a 2x2 max pooling operation (MP). The
expansive path includes repeated application of three 5x5
convolutions (Conv) 406a-c, each preceded by a 2x2 upsam-
pling (UP) of the feature map. A dropout layer implemented
as a Fully-Connected Layer (FCL) may be provided to
prevent overfitting by 1gnoring a randomly chosen set of
nodes 1n the network (1.e., dropout). A reshaping operation
(Reshape) may further be provided to change the dimensions
of the data (or tensor). The feature map may be upsampled
(UP) belore entering the final convolution layer 412. At the
final convolution layer 412, a 5x5 convolution 1s used to
map the feature map to the desired number of output 1images
414. The output images 414 include the contours of the aorta
extracted from the training images 402. FIG. 5§ shows
exemplary 1mages 302q-d with extracted cross-sectional
contours 504a-d of the aorta. The aorta contours may be
extracted by the deep learning module 108.

Returming to FIG. 2, at 210, measurement unit 109
extracts one or more measurements from the one or more
extracted contours. The measurements may be extracted at
any point or continuously along the centerline or length of
the structure of interest, thereby advantageously reducing
the risk of missing important measurements between points.
Multiple measurements may be extracted from one or more
contours along the centerline of the structure of interest. In
addition to the capability of extracting measurements at all
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points along the length of the structure of interest, measure-
ment unit 109 may also extract measurements at predefined
clinically standard points.

The measurements may include the maximum diameter of
the contour, the diameter of the contour perpendicular to the
axis along the maximum diameter, the average diameter of
the contour and/or the area defined by each contour. Other

types of measurements may also be extracted. FIG. 6 shows
an exemplary image 602q of an aorta and 1ts corresponding
schematic diagram 602b. The contour 604a-b of the aorta
may be extracted by the deep learning module 108 as
described previously. The location of the center of the mass
of the contour 1s denoted by m, while the location of each
contour point 1s denoted by p, and the distance between the
center and the contour point 1s denoted by r,. Measurement
unit 109 may determine the maximum diameter (maxD) as
follows:

mH"XD:prmax_ﬁH (1)

wherein

p=arg max;, angle(p .. ;) (2)

(3)

The average diameter (avgD) may be determined as
follows:

and imax=aqrg max,;;

Y (4)
avgD = = 3 llpi = ml
i=1

The area defined by the contour (area) may be determined
as follows:

Mﬂﬂ:zleN_zl/szf_anH'pr_mH (5)

Returning to FIG. 2, at 212, measurement unit 109
presents the one or more measurements 1n a graphical user
interface. The graphical user interface may enable compari-
son of the one or more measurements to a population of such
measurements extracted oflline from populations of patients
to determine relevant information about the state of the
structure of interest. Measurements that are outside the
statistical bands of population measurements may be
detected and further studied for possible presence of abnor-
malities or any complications that may arise due to such
abnormalities. Measurement unit 109 may also enable (a)
studies across populations (e.g., sex, age, or geographical
locations), (b) longitudinal tracking and study of the struc-
ture of interest, (¢) planning pre- or intra-operative inter-
ventions, and/or (d) customization of grait design.

The graphical user interface may enable (a) overlaying of
current measurements with corresponding population mea-
surements 1n a single measurement panel, and (b) linking of
measurement panels with 1mage visualization panels. The
corresponding population measurements may be determined
offline from a population of patients. In some 1mplementa-
tions, the graphical user interface enables parametrized
visualization of the measurements continuously along the
structure of interest or at predefined locations along the
structure of interest. The measurements may also be overlaid
with corresponding images (e.g., MR, CT, ultrasound
images) or text associated with the structure of interest.

FIG. 7 shows an exemplary measurement panel 702. The
measurement panel 702 shows three sets of graphs of
measurements extracted from the cross-sectional contours of
the aorta. Each graph represents a continuous profile of the
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measurements along the aorta. Measurements at clinically
standard locations along the length of the aorta are indicated
by vertical broken lines 2-9. The continuous profile provides
a canonical representation that can be easily studied to detect
any abnormality (e.g., dilation and growth of the aorta,
plaque formation) along the aorta. Locations of interest are
indicated by vertical broken lines 2-9.

Graph 714 shows the largest diameter of the aorta cross-
sectional contour of the current patient at different continu-
ous positions along the length of the aorta. Graph 714 1is
overlaid with another graph 716 that represents the diameter
that 1s orthogonal to the axis of the largest diameter of the
aorta cross-sectional contour. The graphs 714 and 716
advantageously enable comparison of the diameters along
the aorta or at predefined landmarks or locations of interest
(e.g., climically standard locations indicated by vertical bro-
ken lines 2-9). There may be multiple pairs of graphs 714
and 716 to represent measurements extracted based on
images acquired at different time points to enable visualiza-
tion of temporal changes 1n the diameters. This facilitates
longitudinal monitoring and detection of abnormal increase
in diameters along the aorta.

Graph 718 represents the mean diameter of the cross-
sectional contour along the length of the aorta of the current
patient, while graph 720 shows the average diameter of the
cross-sectional contour along the length of the aorta as
determined from a population of patients. The graphs 718
and 720 advantageously enable comparison of the mean and
average diameters along the aorta or at predefined landmarks
or locations of interest (e.g., clinically standard locations
indicated by vertical broken lines 2-9). The shaded region
721 represents the standard deviation of the population
measurement values (1.e., error bands). Any other statistical
measure may also be generated and displayed. This visual-
ization facilitates the detection of any abnormal dilation of
the aorta.

Graph 722 represents the area of the cross-sectional
contour along the length of the aorta, while graph 724
represents the average area of the cross-sectional contour
along the length of the aorta as determined from a population
of patients. The graphs 722 and 724 advantageously enable
comparison of the areas of the cross-sectional contour along
the aorta or at predefined landmarks or locations of interest
(e.g., climically standard locations indicated by vertical bro-
ken lines 2-9).

FIG. 8 shows an exemplary image visualization panel
802. The image visualization panel 802 i1s linked to the
measurement panel 702 shown in FIG. 7. The user interface
may present the image visualization panel 802 next to the
measurement panel 702 on a single display screen to facili-
tate study of the aorta. When a point on the graph 714, 718
or 722 displayed by the measurement panel 702 1s selected
by a user (e.g., mouse click or screen touch), the corre-
sponding set of 1images 804a-d of the aorta at the selected
location along the aorta 1s displayed in the 1mage visualiza-
tion panel 802. Images 804a, 8045 and 804c¢ show the
coronal, sagittal and axial views of the aorta respectively.
Line 806 represents the largest diameter of the aorta cross-
sectional contour, while line 808 represents the diameter 1n
the orthogonal direction to the largest diameter of the aorta.

While the present framework has been described 1n detail
with reference to exemplary embodiments, those skilled in
the art will appreciate that various modifications and sub-
stitutions can be made thereto without departing from the
spirit and scope of the invention as set forth 1n the appended
claims. For example, elements and/or features of different
exemplary embodiments may be combined with each other
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and/or substituted for each other within the scope of this
disclosure and appended claims.

What 1s claimed 1s:

1. A system for automated measurement, comprising;:

a non-transitory memory device for storing computer

readable program code; and

a processor device in communication with the memory

device, the processor being operative with the com-

puter readable program code to perform steps including

receiving an 1mage ol an aorta,

detecting a centerline point of the aorta 1n the image,

tracing a centerline of the aorta using the detected
centerline point as a starting point,

generating, by a trained segmentation learning struc-
ture, one or more contours of cross-sections of the
aorta along the centerline, wherein the trained seg-
mentation learning structure comprises a deep learn-
ing architecture trained by two-dimensional cross-
sectional 1mages of the aorta,

extracting one or more measurements from the one or
more contours, and

presenting the one or more measurements in a graphical
user interface.

2. The system of claim 1 wherein the processor 1s opera-
tive with the computer readable program code to extract
multiple measurements continuously along the centerline of
the aorta and present the multiple measurements as a con-
tinuous profile along the aorta 1n the graphical user intertace.

3. The system of claim 1 wherein the processor 1s opera-
tive with the computer readable program code to extract
multiple measurements at clinically standard points along
the centerline of the aorta.

4. The system of claim 1 wherein the processor 1s opera-
tive with the computer readable program code to generate
the one or more contours of the aorta along the centerline by

extracting, from the received image, a cross-sectional

image of the aorta, and

providing the cross-sectional 1mage to the tramned seg-

mentation learning structure to generate the one or
more contours.

5. The system of claim 1 wherein the processor 1s opera-
tive with the computer readable program code to present the
one or more measurements 1n the graphical user interface by
overlaying the one or more measurements with correspond-
ing population measurements in a measurement panel.

6. A method of automated measurement, comprising;:

recerving an image ol a structure of interest;

tracing a centerline of the structure of interest in the

1mage;
generating, by a traimned segmentation learning structure,
one or more contours of cross-sections of the structure
of interest along the centerline, wherein the trained
segmentation learming structure comprises a deep
learning architecture trained by two-dimensional cross-
sectional 1mages of the structure of interest;

extracting one or more measurements from the one or
more contours; and

presenting the one or more measurements in a graphical

user interface.

7. The method of claim 6 wherein tracing the centerline of
the structure of interest comprises:

detecting a centerline point of the structure of interest; and

tracing the centerline of the structure of interest using the

centerline point as a starting point.

8. The method of claim 7 wherein tracing the centerline
comprises using a regression forest-based orientation detec-
tor that 1s trained to trace the centerline.
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9. The method of claim 7 wherein tracing the centerline of
the structure of interest comprises repeatedly detecting a
direction of the centerline at a current point and stepping to
a next point along the detected direction.

10. The method of claim 6 wherein generating the one or
more contours of the structure of interest along the center-
line comprises:

extracting, from the received image, a cross-sectional

image of the structure of interest; and

providing the cross-sectional 1image to the trained seg-

mentation learning structure to generate the one or
more contours.

11. The method of claim 10 further comprises training the
segmentation learning structure using a set of two-dimen-
sional 1mages of different aortas from diflerent patients.

12. The method of claim 10 wherein the trained segmen-
tation learning structure comprises a convolutional neural
network classifier.

13. The method of claim 6 wherein extracting the one or
more measurements from the one or more contours com-
prises extracting multiple measurements continuously along,
the centerline of the structure of interest, and wherein
presenting the one or more measurements comprises pre-
senting the multiple measurements as a continuous profile
along the structure of interest 1n the graphical user interface.

14. The method of claim 6 wherein extracting the one or
more measurements from the one or more contours com-
prises extracting a maximum diameter of at least one of the
one or more contours.

15. The method of claim 6 wherein extracting the one or
more measurements from the one or more contours com-
prises extracting a diameter perpendicular to an axis along a
maximum diameter of at least one of the one or more
contours.
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16. The method of claim 6 wherein extracting the one or
more measurements from the one or more contours com-
prises extracting an average diameter of the one or more
contours.

17. The method of claim 6 wherein extracting the one or
more measurements from the one or more contours com-
prises extracting an area defined by at least one of the one
Or more contours.

18. The method of claim 6 wherein presenting the one or
more measurements 1 the graphical user mterface com-
prises overlaying the one or more measurements with cor-
responding population measurements in a measurement
panel to detect any abnormal dilation of the structure of
interest.

19. The method of claim 6 wherein presenting the one or
more measurements in the graphical user interface com-
prises presenting the one or more measurements 1n a mea-
surement panel and linking the measurement panel with an
image visualization panel.

20. One or more non-transitory computer-readable media
embodying instructions executable by machine to perform
operations, comprising:

recetving an 1mage of a structure of interest;

tracing a centerline of the structure of interest in the

1mage;
generating, by a traimned segmentation learning structure,
one or more contours of cross-sections of the structure
of interest along the centerline, wherein the trained
segmentation learming structure comprises a deep
learning architecture trained by two-dimensional cross-
sectional 1mages of the structure of interest;

extracting one or more measurements from the one or
more contours; and

presenting the one or more measurements 1n a graphical

user interface.
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